Muscle capillary supply, mitochondrial distribution, and the surface density of mitochondrial cristae have been determined in the pectoral fin adductor profundis muscles offish that use a labriform mode of locomotion. Species studied were the hemoglobinlessAntarctic ice fishes Chaenocephalus aceratus and Champsocephalus gunnari, the red-blooded Antarctic fishes Notothenia gibberifrons and Psilodraco breviceps, and the Northern Hemisphere temperate-wQter fish Callionymus lyra. The volume density of mitochondria in slow-twitch fibers decreased in the orderC. gunnari (0.51» C. aceratus (0.49» P. breviceps (0.46» N. gibberifrons (0.25). Surface densities of mitochondrial cristae were lower in C. gunnari (25.2 ~m2 ~m-3) and C. aceratus (28.2 ~m2 ~m-3) than in the red-blooded species (32.2-37.0 ~m2 ~m-3 ). This is consistent with the observation that O2 consumption per unit volume of mitochondria is lower in the hemoglobinless species. The density of mitochondria adjacent to capillaries is not significantly different from that in the central core of fibers in C. aceratus. This suggests that slow muscle fibers are not diffusion limited for O2 in species lacking hemoglobin and myoglobin. The high and homogenous distribution of mitochondria in Antarctic fish results in low valuesfor the mean free spacing ofmitochondria (1.04-2.96~m) relative to temperate species. This may represent an adaptation to overcome the effects of low temperature on the diffusion of metabolites between capillaries and mitochondria and between mitochondria and myofibrils.
Introduction
Antarctic icefishes (suborder Notothenioidei; family Channichthyidae) lack functionally significant quantities of hemoglobin and myoglobin (Ruud 1954 ; Hamoir and Gerardin-Otthiers 1980; Douglas et al. 1985) . Arterial blood in
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Chaenocephalus aceratus has an O2 carrying capacity of only 0.67% by volume, compared with around 6.5% by volume in red-blooded Antarctic species (Holeton 1970) . Studies of the demersal icefish C. aceratus suggest that a large blood volume (Twelves 1972) and high blood-flow rates partially compensate for the absence of respiratory pigments (Hemmingsen and Douglas 1977) . Many notothenioids, including icefish, use well-developed pectoral fins for sustained activity (labriform swimming) .Maximum labriform speeds are usually only around 0.8-1.5 body lengths S-I at fin beat frequencies of <2 Hz (Davisonetal.1988; ArcherandJohnston 1989) . Resting metabolic rates are significantly lower than for temperate-water fish (Clarke 1983) , and factorial aerobic scopes are modest, for example, 3-5 for the cryopelagic species Pagothenia borchgrevinki (Forster et al. 1987) . The pectoral fin muscles are largely composed of slow-twitch muscle fibers that contain abundant mitochondria (Harrison, Nicol, and Johnston 1987; Johnston 1987 ). In the absence of hemoglobin and myoglobin it might be expected that muscle fibers would have relatively narrow diameters. However, the opposite is true; for example, around 50% of slow fibers in the adductor profundis muscle of Pseudochaenichthys georgianus (28-55 cm) have diameters in excess of50 ~m (Smialowska and Kilarski 1981; Dunn, Archer, and Johnston 1989) .
In an attempt to resolve this paradox we have measured some of the structural factors influencing O2 gradients between the capillaries and muscle fibers. These include capillary density, fiber diameter, mitochondrial volume density, and the distribution of mitochondria within fibers and relative to capillaries (Kayar et al. 1986 ). Preliminary studies have indicated that the density of muscle mitochondria is greater in demersal icefishes than in sympatric red-blooded species even though aerobic enzyme activities are similar Oohnston 1987). In order to investigate this further we have compared the surface density of mitochondrial cristae in hemoglobinless and red-blooded species and extended our investigations to include more active pelagic species.
Material and Methods

Fish
Chaenocephalus aceratus (Lonnberg) (n = 4) and Notothenia gibberifrons (Lonnberg) (n = 4) were obtained from the South Orkney Islands (60043'S, 45°36'w) during austral summer 1985-86. Fish were cauJl;ht at a depth of 140-200 m. Champsocephalusgunnari (Lonnberg) (n = 4) and Psilodraco breviceps Norman (n = 4) were caught in the nearshore waters around South Georgia (54°S, 36°15'W) at a depth of 0-200 m during Offshore Biological Programmes Cruise 7, which took place during austral summer 1986-87. Chaenocephalus aceratus and C. gunnari belong to the family Channichthyidae, suborder Notothenioidei, and lack the respiratory pigments hemoglobin and myoglobin. Dragonets, Callionymus lyra L. (n = 5), were captured in the Firth of Clyde, courtesy of the Marine Biological Station, Millport, Scotland. The standard lengths, ecology, and temperature range of each species are shown in table 1.
Tissue Sampling and Preparation
Small bundles of slow-twitch fibers from the pectoral fin adductor profundis muscle were pinned via their insenions to cork strips and immersion fixed in 3% glutaraldehyde, 0.15 mM phosphate buffer, pH 7.4 at 4°C. Samples were subsequently postfixed in phosphate-buffered 1.% osmium tetroxide, rinsed, dehydrated in acetone, and embedded in Araldite CY212 resin (EMscope, Ashford, England). For each species, 5-10 blocks were prepared per fish and four blocks selected at random for sectionin~. Stereolop.y 'nterspecific variation in muscle composition was analyzed in four staRes:
Capillaries and Fibers. All sections were cut transverse to the longitudinal axis of the muscle fibers. Semithin (1.0-0.5 J.lm) sections, stained with 1% toluidene blue, were used to determine fiber cross-sectional area (a[f]), fiber diameter a(f) , capillary-to-fiber ratio ( C:F) , and the numerical density of capillaries (NA [c,f] ) (Egginton and Johnston 1983) . We selected 30-50. muscle fibers per block at random (Egginton 1988) .Muscle fiber dimensions were measured with the drawing arm of a microscope (Labophoto, Nikon, Kyoto) and a digital planimeter interfaced with a microcomputer (Hewlett Packard 86R) Capillary Dimensions. Ultrathin (approximately 80 nm) sections were cut on a Reichert OM-U2 ultramicrotome and mounted on 100-mesh pyroxylinecoated copper grids. Sections were double stained with 2% aqueous uranyl acetate and Reynolds lead citrate. Micrographs were taken on a Philips 301 transmission electron microscope at 60 kV. The dimensions of 15-25 randomly selected capillaries per fish (50-100 per species) were measured. and
The degree of anisotrophy was taken to be 1.02 for all species studied on the basis of determinations made on c. aceratus and Notothenia neglecta (Fitch, Johnston, and Wood 1984) .
Muscle Fiber Composition. Micrographs of 20 randomly selected whole muscle fibers per species were taken at 1,900X and projected onto a counting grid at a final magnification of 5, 700X. Volume densities of myofibrils (Vy[mf,fj), total mitochondria (Vy[mt,fj), subsarcolemmal mitochondria ( Vy[ ms,fj) , and intermyofibrillar mitochondria ( Vv[ mi,f]) were estimated with a point-counting method (Weibel 1979) . The intermyofibrillar zone was taken to include everything within the envelope drawn around the peripheral myofibril edges. A quadratic test system with 100-400 points per fiber and a lattice spacing of 4.3-2.6 Jim was employed, such that grid spacing was approximately > 1 and <1.5 times the average dimensions of myofibril and mitochondrial clusters.
Micrographs of the core of muscle fibers were taken at 4 ,300X .The Vy(mi) and Vy(mf) were estimated by point counting, with a template of 100 points covering an area of muscle fiber of 56 Jim2 with a lattice spacing of 0.75 Jim. Surface densities of the outer mitochondrial membrane (Sv[mi]'s) were estimated from the same micrographs (n = 20) with a line-intercept system (Weibel1979). From these measurements mitochondrial spacing or mean free spacing (A.a) within the intermyofibril zone was calculated. Micrographs of intermyofibril mitochondria chosen at random were taken at 43,OOOX, and the surface densitv of cri...t~p (.~.rrr mil) UT"~ ~ptprn-.inp~ with a line-intercept system with a grid spacing of 0.075 JLm and 25-100 intersections per mitochondrion. No corrections were made for the effects of section thickness or compression.
Analyses of the Distribution of Mitochondria in Muscle Fibers. In order to determine the distribution of mitochondria within the slow muscle fibers, specific zones were defined and analyzed as described by Kayar et al. (1986) .
Accurate positioning of the zones was made possible byobtaining micrographs of the whole cross section of muscl~ fibers at a magnification of 750X. The number of micrographs needed to cover a transect from the fiber border adjacent to a capillary to the fiber center was then taken at a magnification of 4,300X ( fig. 1 ) .In all three species studied, Zone I covered an area extending from 0.0-6.75 ~m from the fiber border and adjacent to a capillary. Zone II was the same as Zone I except that the subsarcolemmal zone that contained no myofibrils was excluded. In N. gibberifrons and c. aceratusZone III extended 7.5-15.0 ~m and Zone IV extended 15.0-36.0 m from the fiber border. The exact position of Zone IV was dependent on the fiber diameter, and an attempt was made to obtain as central a position as possible. The smaller diameter of fibers in C. (yra required that, to prevent rameters between species and between zones was ca~ried out by the non.
parametric Mann.Whitney U-test.
Results
Muscle Fiber Size and Capillary Supply
Mean diameters of slow muscle fibers in the Antarctic species ranged from 36.4 ~m in Psilodraco breviceps to 66.2 ~m in Chaenocephalus aceratus. Interspecific variation in df probably reflects differences in fish length (table 1).
Morphometric parameters describing the capillary supply to muscle fibers are shown in table 2. The .!v(c,f) and Sy(c,f) are highest in the two active pelagic species, Champosocephalus gunnari and P. breviceps. However, a(c) is larger in the demersal species C. aceratus (79.9 ~m2) and Notothenia gibberifrons (35.9 ~m2) (P< 0.05), which results in similar capillary values for Vy(c,f) (0.033-0.039) in all four species studied (table 2) .
Mitochondrial and Muscle Fiber Composition
Estimates of the surface densities of mitochondrial cristae within the intermyofibril zone, (Sy[cr,mi]) were significantly lower in the two channichthyid species than in the red-blooded species (P < 0.01; table 3; fig. 2 ) .The highest values for Vy(mi) were found in the two channichthyid species c. gunnari (0.51) and C. aceratus (0.49) (table 3). Fibers from c. aceratus contain lower Vy(mf)'s than in C. .I!,unnari (table 3) fibers from P. breviceps was not significantly different (P > 0.05) from that of the hemoglobin less species. The value for Vv(mi) was significantly higher in the pelagic P. breviceps ( 0.46) than in the demersal species N gibberifrons (0.25) (table 3).
The spacing of mitochondria within the intermyofibril zone, measured as Aa, was closest ill species with the highest values of mitochondrial Vv(mi) and Sv(mi) .The closest spacing occurred in C. gunnari ( 1.32 I,lm) , and the greatest in N gibberifrons (2.96 I,lm) (table 3).
The composition of whole muscle fibers was determined in C. gunnari and P. breviceps (table 3) . .In both species, volume densities of intermyofibrillar mitochondria CVv{mi,f]; 0.31-0.25) make up a larger proportion of the total than do the volume densities of subsarcolemmal mitochondria (Vv[ms,f]; 0.18-0.19).
Mitochondrial Distribution in Slow Muscle Fibers
Variations in composition across the slow fibers of C. aceratus, N gibberifrons, and the temperate-water fish Callionymus lyra are illustrated in figure  3 . In all three specIes highest mitochondrial Vv(mt.z) 's and lowest Vv(mf.z)'s were found nearest the fiber border, in Zone I ( fig. 3) .Further from the fiber border, within Zone 11, a dense band of myofibrils occurred, interspersed with significantly fewer mitochondria than in Zone I (p < 0.05).
A decrease in mitochondrial Vv(mt.z) toward the fiber center was evident in all three species. However, ificontrast to N gibberifronsand C. lyra, in C. aceratUs the decrease in mitochondrial volume density with distance from the fiber edge is not significant (p> 0.05) .For example, in C. aceratus Vv(mt.z} is as high as 0.38 even in the fiber center, 35 ~m from the sarcolemmal membrane ( fig. 3) . Only slight variations in Aa were observed throughout the fiber cross section in C. aceratus (table 4) .
The significant (P < 0.001) reduction in mitochondrial Vv(mt.z) toward the fiber center in N. gibberifrons is correlated with increased Aa (table 4) and an increased myofibril component ( fig. 3) . Values for Vv(mt,f) are significantly lower in the temperate-water species, C. lyra, than in the notothenioids studied. In addition, mitochondrial Vv(mt.z) declines more rapidly with increased distance from the fiber border in C. lyra (fi,g. 3).
Discussion
Slow-twitch fibers In demersal Antarctic fish have been reported to have relatively low numerica1.densities of capillaries (Fitch et al. 1984) . This is probably not a unique feature of Antarctic fish muscles since NA(c,f) is 2-3 times higher in pelagic than in bottom-Iiving species (tables 1, 2). Muscles in species with low NA(c,f) contain larger-diameter capillaries (table 2) , and this wQuld be expected to reduce systemic blood pressures (Hemmingsen and Douglas 1977) .Interestingly, Vy( c,f) , an estimate of the volume of capillary blood, was similar in all the species: In spite of their relatively large diameters and lack of myoglobin, the central regions of slow fibers in icefish contain numerous mitochondria. This suggests that the diffusion of O2 is not a limiting factor for the muscle fibers in these species. In contrast, in mammalian skeletal muscle mito- .Significantly different from Zone I at p < 0.02. b Because of the small diameter of slow fibers in C. lyra only three zones were determined.
As a result, Zone III extends from 7.0-20.0 ~m. c Si~nificantlv different from Zone I at p < 0.001 levels.
chondrial Vv(mt.z) declines markedly toward the fiber center (Kayar et al. 1988) . For example, mitochondrial Vv(mt.z) decreases from 24%-10% at the fiber border near a capillary to 4%-1% at the fiber core (Kayar et al. 1988) .Indirect measurements of O2 partial pressure across working muscle fibers have been made with myoglobin cryospectrophotometry ( Gayeski and Honig 1986) .They suggest that there is a low resistance to O2 diffusion across mammalian muscle fibers, largely because of the O2 binding properties of myoglobin. one possibility is that high mitochondrial volume densities may aid the diffusion of O2 in Antarctic fish muscles. In particular, the elevated mitochondrial volume densities in Chaenocephalus aceratus and Champsocephalus gunnari (table 3) may compensate for the only minute traces of myoglobin recorded in the muscle of channichthyid species (Hamoir and Gerardin-Otthiers 1980; Douglas et al. 1985) . Transport of O2 may be facilitated along mitochondrial membranes, because of the higher solubility of O2 in lipid in membranes than in the aqueous cytoplasm (Bakeeva, Chentsov, and Skulachev 1978) . It has been suggested that increased intracellular lipid contributes to enhanced O2 diffusion in cold-acclimated striped bass, Morone saxatilis (Egginton and Sidell1989). However, the lipid content of muscle fibers from Antarctic fish is highly variable, and lipid droplets are absent in some slow fibers Oohnston 1987; Johnston and Camm 1987) . The presence of intracellular lipid droplets may represent a mechanism to increase buoyancy (Eastman and De Vries 1981) and/or reflect a high demand for lipid catabolism rather than a specific adaptation to increase O2 diffusion rates.
Significantly lower values of Sv(cr,mi) were observed in the two channichthyid species C. gunnari (25.2 ~m2 ~m-3) and C. aceratus (28.2 ~m2 m-3) than in the red-blooded species (32.8-37.0 ~m2 ~m-3) ( fig. 2) . Although slow muscles in C. aceratus and Notothenia gibberifrons have similar activities of tricarbox:ylic-acid-cycle enzymes and rates of O2 consumption, significantly higher Vv(mt,f)'s are found in the channichthyid species Oohnston 1987; table 3). Together with the present results, this suggests that the O2 consumption per unit volume of mitochondri~ is lower in whitethan in red-blooded species. As a consequence, Vv(mt,f) alone is not an accurate descriptor of the oxidative capacity of fish muscle fibers. This is in contrast to the situation in mammals in which muscle mitochondria appear to have similar structural and functional characteristics . For example, the total volume of mitochondria in the skeletal muscles increases in direct proportion to maximal O2 uptake in athletic compared with nonathletic mammals .
The rate of diffusion of adenylates and other metabolites through muscle cytoplasm is around two orders of magnitude lower than for O2 (Hill 1965) . Diffusion of these molecules may be a more important determinant of fiber structure. Mean free spacing provides an estimate of the average distance separating individual mitochondria and gives an indication of the diffusion-path length between mitochondria. A reduction in temperature from 25°C to 5°C results in a 3.1-3.4-fold decrease in the diffusivity constant for most solutes in the cytoplasm of slow muscle fibers in the goldfish, Carassius carassius (Sidell and Hazel 1987) .The volume density of slow muscle mitochondria increases following cold acclimation in goldfish, which results in a compensatory reduction in Aa from 11.8 ~m at 25°C to 2.9 ~m at 5°C (Tyler and Sidell 1984) . Similarly in striped bass the distribution of chord lengths between mitochondrial clusters was shifted to lower values in 5 oC-acclimated fish than in 25°C-acclimated fish (Egginton, Ross, and Sidell 1987) .Values for Aa in Antarctic fish (tables 3,4) are generally even lower than those in cold-acclimated goldfish. Thus, elevated mitochondrial volume densities and their homogeneous distribution in Antarctic fish muscles may represent an adaptation to overcome cold-induced limitations of diffusion of molecules between mitochondria and myofibrils.
